We propose a microlensing search toward an intermediate-inclination Local Group spiral galaxy M33. The slow rotation velocity ( ∼ = 100 km/s) of M33 provides the possibility to distinguish MACHOs of our galaxy and those of M33 statistically. The optical depth of the MACHOs of our galaxy was calculated to be ∼ = 3 × 10 −7 , and the average event timescale is ∼ = 60 days for M = 0.5M . The optical depth of the M33 MACHOs is position dependent; it was calculated along the major axis to be 0.5 -2 ×10 −7 . The average event timescale of the M33 MACHOs was calculated to be 90 -150 days for M = 0.5M . An excess of long timescale events for the M33 MACHOs may be observed around the central region if we can obtain enough events. The observation of M33 has the advantage of avoiding the self-lensing problem. The calculation of the disk-disk lensing showed that the optical depth is small and does not yield a background of MACHOs for R > 3 kpc. Observation of very distant galaxies provides a unique opportunity to explore intergalactic lensing objects. Calculations for the intergalactic lensing objects were made for two types of mass distributions: (1) a single isothermal sphere, and (2) a double isothermal sphere. The optical depth for the single isothermal sphere was calculated to be ≥ 2 × 10 −7 . The average event timescale is very long (500 -550 days for M = 0.5M ), and separation from MACHOs can be made. The event rate was calculated to be ≥ 1 × 10 −7 events/star·year which is detectable in the long-term (∼ 5 years) observations if approximately 10 7 stars are observed. The optical depth and the event rate for the double isothermal sphere strongly depend on the half-mass radius. But intergalactic lensing objects can be detected by long-term observations, unless they are widely diffused (r h > 300 kpc). The average event timescale was found to be 250 -500 days for M = 0.5M , depending on the core radius and r h . Feasibility of the M33 observation is discussed. Current large aperture wide-field telescopes, such as SUBARU, are promising for the observation. §1. Introduction
§1. Introduction
The existence of dark matter 1) was originally introduced by Zwicky to explain the dynamical stability of the Coma Cluster. Studies of X-rays 2), 3) for several clusters of galaxies strongly suggest the existence of dark matter in the clusters. The total masses 3) -5) of the clusters measured using several methods are more than 100 times larger than the visible masses. Similarly, a significant amount of dark matter is thought to exist in groups of galaxies like the Local Group. The total mass 6), 7) of the Local Group has been estimated from the radial velocity of M31. The obtained value is between 3.2 × 10 12 M and 5.5 × 10 12 M . Very recently, Courteau and van den Bergh 8) obtained M LG = (2.3±0.6)×10 12 M from the velocity dispersion of the member galaxies. Another kind of dark matter was introduced to explain rotation curves 9), 10) of spiral galaxies. The rotation curves indicate that the total masses of the galaxies are about 10 times larger than the visible masses. A recent microlensing survey 11) toward the Large Magellanic Cloud (LMC) suggests that about half of the dark matter of our galaxy would be massive compact halo objects (MACHOs) if the lensing objects exist in the halo.
Several explanations of the MACHOs have been proposed. One of them, the black hole MACHO (BHMACHO), 12) assumes MACHOs are primordial black holes formed right after the Big Bang. The other explanations, the so-called brown dwarf 13), 14) and white dwarf, 15), 16) are based on the formation of galaxies and stars. It is probable that the MACHOs are distributed throughout the universe if they are of cosmological origin. But if they are galactic, they would not be found outside of the halos unless there are some mechanisms to eject a number of MACHOs into the intergalactic space. Carr and Sakellariadou 17) imposed a very weak bound on the density parameter Ω CO of the dark intergalactic compact objects (DICOs).
Several authors 18) -21) have pointed out recently that a significant amount of microlensing events toward LMC and the Small Magellanic Cloud (SMC) may be caused by LMC or SMC stars, or by foreground stars of the Magellanic Clouds. Debate 22), 23) is continuing on whether the halo of our galaxy consists of MACHOs or not. New observations are necessary to settle this debate. In this paper, we propose a new microlensing survey toward M33 to avoid the self-lensing puzzle and to search for intergalactic microlensing objects in the Local Group. §2. Microlensing phenomena Finding MACHOs using the gravitational microlensing amplification of stars 24) was proposed by Paczyński. The Einstein radius of a lensing object is given by
where M is the mass of the lensing object, D L is the distance between the observer and the lensing object, and D S is the distance between the observer and the source star. The Einstein radius is expected to be greater than those of the Magellanic Clouds if the source star is in a very distant galaxy. But the difference should be small if the lensing object is in the halo of the galaxy or in the halo of our galaxy;
However, the Einstein radius is large if the lensing object passes close to the middle of the source star and the observer. The optical depth τ is calculated by
where n(l, M ) is the number density of the lensing objects, ρ(y) is the mass density of the dark matter, is the fraction of lensing objects, y = l/D S , and l is the lineof-sight distance from the observer. Equation (2·3) implies that the optical depth is large if most of the MACHOs are distributed around the middle of the source and the observer. But if the MACHOs are distributed close to the source star or the observer, the optical depth is small. The event timescale of the microlensing event t is defined byt = R E /v T . The average event rate Γ can be calculated with the simple relation 25) obtained by Alcock et al.,
The differences among microlensing phenomena for relatively distant spiral galaxies (M31, M33, etc.) and the Magellanic Clouds are caused by the distances to the source stars and the types of the galaxies. The far distance of the source stars causes a relatively large Einstein radius and optical depth. The Magellanic Clouds are irregular galaxies, which have complex shapes and are thick; the optical depth of self-lensing is expected to be large. On the other hand, the spiral galaxies M31 and M33 consist of thin disks and bulges; the optical depth of self-lensing is expected to be small, at least for disks. A search 26) for microlensing phenomena of stars in M31 was proposed by Crotts. Several calculations and simulation studies 27) -29) toward the M31 bulge based on the isothermal mass distribution have been made by several authors. The results are summarized below.
1. The microlensing optical depth for M31 is large and position dependent. The optical depth is large for the bulge (τ ∼ 4 − 5 × 10 −6 ), and it decreases with the distance from the center. 2. The lensing of the halo of our galaxy yields a smaller optical depth (τ ∼ 4×10 −7 )
than that of the halo of M31. 3. The lensing of the disk stars of M31 by other disk stars yields a small optical depth: τ ∼ 4 × 10 −7 . Thus a microlensing survey toward M31 has advantages compared to one toward the Magellanic Clouds, although the observation is more difficult. §3.
Microlensing effects toward M33
A microlensing survey toward the M33 disk has advantages compared to one toward M31 in determining whether significant numbers of MACHOs really exist in the galactic halos; the optical depth of the disk-disk lensing is expected to be smaller because of its smaller inclination angle (i = 55 • ). On the other hand, the slow rotation velocity ( ∼ = 100 km/s) of M33 implies the possibility to distinguish the M33 MACHOs and the MACHOs of our galaxy; the optical depth of the M33 MACHOs is expected to be small, and the average timescale is expected to be large.
The longer distances of M33 and M31 compared to LMC and SMC provide a unique opportunity to explore intergalactic dark matter. The line of sight toward M33 passes through the intergalactic space of the Local Group. Due to the long distance, a microlensing survey toward M33 is more sensitive to intergalactic lensing objects than MACHOs, as the Einstein radius of the same mass object is larger.
Microlensing by the MACHOs of our galaxy
The optical depth of the MACHOs of our galaxy was calculated using Eq. (2·3) with the isothermal mass distribution
where v c = 220 km/s is the rotation velocity, a is the core radius, r is the distance from the center of our galaxy, R S = 8.6 kpc is the galactocentric distance of the sun, D M33 = 790 kpc is the distance between the sun and M33, and θ M33 = 126 • is the angle between the center of our galaxy and M33. The fraction of the MACHOs was assumed to be 50%. The event timescale was calculated usinĝ
where M = 0.5M was assumed, andv T is the average transverse velocity of the MACHOs. If the velocity distribution at a point is expressed by the Maxwellian distribution,v T is represented bȳ
where σ is the velocity dispersion and is obtained as 30)
Then the event timescale was averaged along the line of sight: 
Microlensing by the M33 MACHOs
The optical depth of the M33 MACHOs on the major axis was calculated from Eq. (2·3) with the isothermal mass distribution. The ρ(y) is given by
where v c,M33 = 100 km/s 31) is the rotation velocity of M33, a is the core radius, r M33 is the distance from the center of M33, R is the distance in the M33 disk plane, and D M33 = 790 kpc is the distance to M33. The fraction of the M33 MACHOs is assumed to be 50%. The event timescale was calculated from
. Then t(y, M ) is averaged along the line of sight, as given by Eq. (3·6). Figures 1(a)-(c) give the results for the M33 MACHOs. Because of the slow rotation velocity, the optical depth is smaller and the average event timescale is longer than those of our galaxy. The optical depth and the event rate increase around the center. An excess of long timescale events around the center of M33 may be observed if we can obtain enough number of MACHO events. Thus the microlensing observation toward M33 is promising to distinguish MACHOs of our galaxy and those of M33 statistically.
Self-lensing by the M33 disk
To calculate the optical depth of the disk-disk lensing, we adopted the method 32) derived by Gould for M31. Using his method, the optical depth on the major axis is written
where H is the vertical scale height, h is the radial scale height, R is the distance in the M33 disk plane, Σ 0 is the normalization constant, 10) and i is the inclination angle. Assuming L = 3.9×10 9 L , 33) H = 400 pc, M L /L = 3, h = 1.8 kpc 34) and i = 55 • , 35) we obtain
Gould pointed out that the real optical depth may be larger by at most twice the value obtained by Eq. (3·9). Taking this ambiguity into account, the above value is still smaller than those for the MACHOs for R > 3 kpc, and it does not yield a background of them.
Microlensing by the intergalactic lensing objects
The distribution of the intergalactic dark matter in the Local Group is unknown. However, most of the visible objects in the Local Group are concentrated in two subgroups: Andromeda and Galactic subgroups. Courteau and van den Bergh suggested the possibility 8) that the most of the dark and luminous masses in the Local Group are locked into the Andromeda and Galactic subgroups. We assumed two models of mass distributions: Fig. 1 . Results of the M33 MACHOs along the major axis: (a) optical depth vs R; (b) average event timescale vs R; (c) event rate vs R. The solid curves correspond to a = 1 kpc, the dashed curves to a = 2 kpc, and the dotted curves to a = 5 kpc. R is the distance in the M33 disk plane.
Single isothermal sphere:
Here M LG = 2.3 × 10 12 M is the total mass of the Local Group, r h = 350 kpc is the half-mass radius, r LG is the distance from the center of the Local Group, and a is the core radius. The density ρ(y) is calculated using Eqs. (3·12) and (3·13), with
where, D M33 = 790 kpc is the distance to M33, D LG = 454 kpc 8) is the distance to the center of the Local Group, and θ LG = 14.8 • is the angle between M33 and the center of the Local Group. The center of the Local Group is assumed to be located on the line defined by our galaxy and M31. 8) 2. Double isothermal sphere:
Here M G = 8.6 × 10 11 M is the total mass of the Galactic subgroup, and M A = 13.3 × 10 11 is the total mass of the Andromeda subgroup. The values r G and r A are the distances from the center of Galactic subgroup and that of Andromeda subgroup, respectively. The center of the Galactic subgroup and the Andromeda subgroup were assumed to be our galaxy and M31, respectively. The ρ(y) was calculated according to 20) and
where R S = 8.6 kpc is the galactocentric distance of the sun, D M31 = 760 kpc is the distance to M31, θ G = 126 • and θ A = 14.8 • are the angles between M33 and the center of our galaxy, and between M33 and M31, respectively.
In both models, we assumed that the fraction of the lensing objects is 50%. Then the optical depths τ were calculated using Eq. (2·3). The event timescales were calculated usingt(y, M ) = R E (y, M )/v T,I , wherev T,I is the average transverse velocity of the lensing objects. The mass of the lensing object was assumed to be M = 0.5M . The valuev T,I was calculated asv T,I = √ 2σ I , where σ I = 61 km/s is the dispersion of the lensing objects and is assumed to be equal to that 8) of galaxies in the Local Group. Then the timescales were averaged along the line of sight, as given by Eq. (3·6) . Most of the parameters quoted here were taken from Ref. 8) , except for the fraction and the mass of the lensing objects. Figure 2 (a) displays the optical depth as a function of the core radius for a single isothermal sphere. The optical depth decreases with the core radius, but it is close to the value of the MACHOs of our galaxy and M33. Figure 2(b) displays the average event timescale vs the core radius for a single isothermal sphere. As we see, the event timescale does not depend strongly on the core radius, and it is between 500 and 550 days. The average event rate is shown in Fig. 2(c) . Because of the long event timescale, the event rate is small. But if we observe approximately 1 × 10 7 stars a few times a month for several years, we should find a few intergalactic objects.
Figures 3(a)-(c) are the plots corresponding to Figs. 2(a)-(c) for the double isothermal sphere. In this model, r h is quite unknown. We calculated using the values r h = 100, 200, and 300 kpc. As shown in Figs. 3(a) and (c), the optical depth and the event rate depend strongly on r h . The event rate may be below the detection limit of current technology if the distribution of the lensing objects are widely diffused (r h > 300 kpc). But it would be above the detection limit if the dark matter is more concentrated (r h < 300 kpc) in the subgroups. The average event timescale is between 250 and 500 days, depending on the core radius and r h . But the r h dependence is weak unless r h is very small (r h ≤ 100 kpc). §4.
Feasibility of observation
The number of stars observable in the M33 disk was estimated as follows. We assumed that the star density is proportional to the surface brightness. As obtained by Kent for the surface brightness, 36) we assumed One of the best telescopes for this purpose would be the SUBARU telescope. The SUBARU telescope is one of the largest telescopes in the world and is located on the summit of Mt. Mauna Kea in Hawaii. This telescope has a large aperture (8. On the other hand, the MACHO collaboration 11) is observing approximately a 5 • ×3 • field in the LMC observations. Assuming that the typical seeing value of the LMC microlensing search is 1.5 arcseconds, the ratio of the star image to the observation field is 3.7 × 10 −8 , which is close to that of the M33 observation with SUBARU. The number of stars observed by the MACHO collaboration is approximately 8.5 × 10 6 for LMC. This implies that the observation of M33 with the SUBARU telescope is promising to separate ∼ 10 7 stars.
The detection efficiency 11) of the MACHO events achieved by the MACHO collaboration is less than 30% and declines very quickly fort ≥ 100 days, in spite of better sampling. This is due to the long timescale cuts needed to reject long timescale variables. We can get much higher efficiency for long timescale events if we can find an alternate method to eliminate long timescale variables. Observational tests are necessary to examine more realistic star separations, the number of observable stars, and the detection efficiency of long timescale events. §5. Conclusions A microlensing observation of the M33 disk was proposed to study dark matter in inter-galactic space and in galactic halos without self-lensing problem. The calculation for the isothermal mass distribution of our galaxy with a MACHO fraction of 50% yielded τ ∼ = 3 × 10 −7 and t ∼ = 60 days for M = 0.5M . The results of the calculation for the M33 MACHOs were τ = 0.5 -2×10 −7 and t ∼ = 90 -150 days on the major axis using the same assumptions those used for MACHOs of our galaxy. The M33 MACHOs may be distinguished statistically from the MACHOs of our galaxy as an excess of long-timescale events around the center. The calculation of the self-lensing showed that the disk-disk lensing of M33 does not yield a significant background of MACHOs for R > 3 kpc. The calculations for the intergalactic lensing objects were made for (1) single isothermal sphere, and (2) double isothermal sphere. The results for the single isothermal sphere were τ ≥ 2 × 10 −7 and t ∼ = 500 -550 days, using the same assumptions for the MACHOs. The event rate is higher than the detection limit of long-term (∼ 5 years) observations if approximately 10 7 stars are observed. The optical depth and the event rate of the double isothermal sphere strongly depend on the half-mass radius. However, they are above the detection limit unless the distribution of the lensing objects are widely diffused (r h > 300 kpc). The timescale was t ∼ = 250 -500 days. A simple estimation showed that a current large F. Abe aperture wide-field telescope, such as SUBARU, is promising to observe ∼ 10 7 stars in the M33 field. An observational test is necessary to make a more realistic estimate of the number of observable stars and detection efficiency of long timescale events.
